ABSTRACT Internal cavities in proteins produce conformational fluctuations and enable the binding of small ligands. Here, we report a NMR analysis of O 2 -binding sites by O 2 -induced paramagnetic relaxation enhancements (PREs) on amide groups of proteins in solution. Outer surface protein A contains a nonglobular single-layer b-sheet that connects the N-and C-terminal globular domains. Several cavities have been observed in both domains of the crystallized protein structure. The receptor-binding sites are occluded and line the largest cavity of the C-terminal domain. We observed significant O 2 -induced PREs for amide protons located around the largest cavity and at the central b-sheet. We suggested three potential O 2 -accessible sites in the protein based on the 1/r 6 distance dependence of the PRE. Two sites were in or close to the largest cavity and the third site was in the surface crevice of the central b-sheet. These results provide, to our knowledge, the first evidence of ligand binding to the surface crevice and cavity of the protein in solution. Because O 2 generally binds more specifically to hydrophobic rather than hydrophilic cavities within a protein, the results also indicated that the receptor-binding sites lining the largest cavity were in the hydrophobic environment in the ground-state conformation. Molecular dynamics simulations permitted the visualization of the rotational and translational motions of O 2 within the largest cavity, egress of O 2 from the cavity, and ingress of O 2 in the surface crevice of the b-sheet. These molecular dynamics simulation results qualitatively explained the O 2 -induced changes in NMR observations. Exploring cavities that are sufficiently dynamic to enable access by small molecules can be a useful strategy for the design of stable proteins and their ligands.
INTRODUCTION
The delicate interplay of a protein's three-dimensional structure, thermal stability, and conformational dynamics, manifested through its amino acid sequence, is important for its proper function. Internal cavities in proteins are important structural elements that can bind hydrophobic ligands and serve as sources of the protein's conformational dynamics (1) (2) (3) . We and other groups have previously demonstrated the usefulness of dioxygen (O 2 ) as a paramagnetic NMR probe to explore hydrophobic surfaces and internal cavities of proteins (4) (5) (6) (7) (8) . By using O 2 gas-pressure NMR measurements for the T4 lysozyme L99A mutant, we found that O 2 binds specifically to the hydrophobic, and not the hydrophilic, cavities in the protein. O 2 gas-pressure NMR can detect hydrophobic cavities when populated to as little as 1% and is thus a general and highly sensitive method for detecting O 2 binding in proteins (4) . Intriguingly, O 2 -induced relaxation enhancements were adequately explained by a 1/r 6 distance-dependent paramagnetic relaxation enhancement (PRE) contribution, assuming O 2 binding into the xenon-binding sites of the protein (4, 8) . However, the binding sites of O 2 are not necessarily the same as those of noble gases. Furthermore, there are no general methods to determine the gas-binding sites of proteins in solution, although the atomic coordinates of gas molecules bound to proteins in crystals can be determined by x-ray crystallography.
Outer surface protein A (OspA) is a 31-kDa immunogenic lipoprotein expressed on the outer surface of Borrelia burgdorferi, the causative agent of Lyme disease. OspA binds to the tick receptor TROSPA (9) when it enters the tick gut. X-ray crystallography has shown that the protein consists of 21 antiparallel b-strands with only one a-helix in its C-terminal region (10) . The N-terminal and C-terminal domains are connected by a single-layer b-sheet that is exposed to the solvent. The receptor-binding site is buried within the C-terminal domain, and thus, the conformational dynamics of the domain are required for binding of the receptor to the site. In previous works, we and other groups reported that the native OspA is in equilibrium with a minor conformer, which is almost fully disordered and hydrated for the entire C-terminal part of the polypeptide chain from b8 to the C terminus (11, 12) . Intriguingly, the C-terminal domain has an unusually large cavity ($200 Å or 120 mL/mol; PDB: 1OSP) and lower stability than the N-terminal domain. Thus, we suggested that the cavities in the C-terminal domain could be the source of the protein's conformational dynamics.
In addition, OspA is able to induce antibody responses that protect mice and humans against infection with B. burgdorferi (13) . Although the recombinant OspA was once used as a vaccine against Lyme disease, it was withdrawn because high antibody titers did not persist long enough after vaccination (14) . Therefore, it is important to investigate the structure and dynamics of OspA to understand the mechanism of receptor recognition and to develop a more effective OspA vaccine.
In this study, we used the O 2 gas-pressure NMR technique to analyze O 2 -binding sites on proteins in solution from O 2 -induced enhancement of T 1 relaxation for backbone amide protons. We provide, to our knowledge, the first evidence of ligand binding to the receptor binding sites occluded in the hydrophobic cavity and demonstrate the binding and unbinding of O 2 to the protein by molecular dynamics (MD) simulation. H incorporation was $70%. The protein, which had been purified on a Ni-affinity column (Bio-Rad Laboratories, Hercules, CA) and a HiLoad 26/60 Superdex 75 prep grade column in the AKTA explore 10S (GE Healthcare Life Sciences, Pittsburgh, PA), was dialyzed in 20 mM phosphate buffer containing 50 mM NaCl and 0.02 mM 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at pH 6.0. The final protein concentration for the NMR study was 0.4 mM, which was measured by determining the UV absorption at 280 nm with a molar extinction coefficient of 11,460 M À1, cm
MATERIALS AND METHODS

Sample preparations
À1
.
NMR experiments
A 1 H 600 MHz NMR spectrometer (Bruker BioSpin AVANCE; Bruker, Billerica, MA) was used for NMR. To study the binding of O 2 and nitrogen (N 2 ) to the protein, we used pressure-resistant NMR tubes (528-QPV-7; Wilmad-Lab Glass, Vineland, NJ) connected to a gas cylinder by polytetrafluoroethylene tubing. Gas pressure was applied to adjust the gas concentrations in the protein solution. N HSQC spectra using saturation recovery, achieved with proton x and y purge pulses followed by a relaxation delay before each scan (15) . Eight relaxation delays ranging from 0.003 to 1.5 s were used. Signal assignments for backbone atoms under these experimental conditions were performed by using HNCA, HN(CO)CA, HNCACB, HN(CO)CACB, HNCO, HN(CA) CO, and CCC(CO)NH (16) . Spectral analysis was performed using NMRPipe (17) , MagRO (18) , and NMRview (19) 
Nonlinear regression
Observed PREs were globally fitted to Eq. 2 using the dynamic fit wizard of SigmaPlot, Version 12 (Systat Software, https://systatsoftware.com/). To find the best possible solution, initial parameters for the regression were manually determined as follows. First, on the basis of the PRE results, atomic coordinates of two of three O 2 molecules were set near the largest cavity of the C-terminal domain, and one of three was set around residue 136. Second, parameters aÀc were set to reasonable figures and the same values (i.e., 10 5 Å 6 /s), and d was set to 1 s À1 . Third, maximum and minimum ranges to search were set at þ300 and À100% of the initial parameters, respectively.
Molecular dynamics simulation
MD simulations of 100 ns were performed five times using the GROMACS 4.6.4 simulator (www.gromacs.org/) (20) . The system contained an OspA (PDB: 1OSP), 10 O 2 molecules, one chloride ion, and 39,018 water molecules. The concentration of O 2 was 14 mM in the system. Three O 2 molecules were inserted into the cavity of the C-terminal domain. The OPLSAA/L force field (21) was used for the protein, and the TIP4P model (22) was used for water. Potential parameters for O 2 and chloride ions were as described in the literature (23,24). MD simulations were conducted with the isothermal-isobaric (NPT) ensemble (300 K, 1 bar) in a truncated dodecahedron box with dimensions of 120 Å . The temperature was controlled using a Langevin thermostat with a viscosity of 0.5 ps À1 . The pressure was controlled using a Parrinello-Rahman barostat with a relaxation time of 2.0 ps (25). The electrostatics was treated using the particle mesh Ewald method with a 9.0 Å cutoff distance (26) . The van der Waals interactions were expressed using the twin-range cutoff method with 9.0 and 14.0 Å distances. Covalent bonds for hydrogen atoms in the polypeptide were constrained using the linear constraint solver (27) . Covalent bonds in water were constrained using the SETTLE algorithm (28) . The integration time step was 2 fs. Snapshots were recorded every 10 ps. The first 10 ns of each simulation was removed for the calculation of O 2 density. To estimate rotational correlation times of O 2 molecules in the cavities of the protein, we performed 1 ns MD simulations separately. To avoid artifacts from the thermostat and barostat, the MD simulation was performed in the NVE ensemble with the structure after a 1 ns simulation in the NPT ensemble. Snapshots were recorded every 0.1 ps.
RESULTS AND DISCUSSION
Oxygen-induced spectral changes In addition, the cross peaks for residues 28, 180, and 189 showed significant line-broadening with increasing O 2 concentrations, and those for residues 180 and 189 disappeared as the O 2 concentration reached 8.9 mM, while other residues remained largely intact. Such changes in chemical shifts and cross-peak intensities were not induced by treatment with 4.6 mM of N 2 gas pressure (N 2 , 7 bar). These results indicated that the chemical shift changes and peak broadening had originated from the paramagnetic properties of O 2 . The spectral changes were reversible by increasing and decreasing O 2 concentrations. 
) and severe line-broadening (red) were located at the central b-sheet and the C-terminal domain. Fig. 3 A also shows the internal cavities in OspA, calculated by the program MOLMOL (https:// sourceforge.net/projects/molmol/) with a probe radius of 1.4 Å (brown) or 1.2 Å (green) using the crystal structure of the protein (PDB: 1OSP). Several cavities were detected at three regions, namely the N-terminal domain, the central b-sheet, and the C-terminal domain. Many of the amide protons exhibiting significant PREs were located around the largest cavity in the C-terminal domain, whereas cavities were not detected around residues 124, 133, and 136. These results indicated that O 2 binding to the cavity in the C-terminal domain and the surface crevice of the central b-sheet led to PREs on the corresponding amide protons.
PRE-based analysis of O 2 -binding sites
PREs arise from dipolar interactions between a nucleus and unpaired electrons of the paramagnet. Because the nuclearelectron dipolar interaction is dominated by the short electron longitudinal relaxation time ($7.5 ps) (30) , spin relaxation contributions show 1/r 6 distance dependence between the paramagnetic center and the nucleus of interest undergoing rotational motion, as described by the SolomonBloembergen equation. Therefore, the O 2 -binding sites can be determined by the observed PREs. Here, we used PREs for amide protons, which are distributed throughout the entire polypeptide chain. We assumed three O 2 -binding sites (sites 1, 2, and 3). Two sites were in or nearby the largest cavity, and the third site was around residue 136. DR 1 was expressed by 1/r 6 distance-dependent PRE contributions from each O 2 -binding site, using the following equation:
where r 1-3 are the distances (Å ) to the O 2 -binding sites 1, 2, and 3, respectively; a-c are constants that are proportional to the PRE contributions from each O 2 -binding site; and d is the background PRE contribution from O 2 dissolved in the solvent. Because the distances between the O 2 -binding site and the nucleus of interest are calculated from their atomic coordinates, DR 1 could also be expressed using the following equations: where X 1or2or3 , Y 1or2or3 , and Z 1or2or3 are atomic coordinates of bound O 2 ; x, y, and z are atomic coordinates of each amide proton in the orthogonal coordinate system; and a, b, c, d, X 1 , Y 1 , Z 1 , X 2 , Y 2 , Z 2 , X 3 , Y 3 , and Z 3 are fitting parameters. The crystal structure of OspA, in which hydrogen atoms were added and energy was minimized, was used to obtain the atomic coordinates of the amide protons. Observed PREs were globally fitted to Eq. 2. Parameters a-d, obtained by a nonlinear regression, are listed in Table 1 with their standard errors and p values. The p value, which is the probability of being wrong in concluding that the coefficient is not zero, was <0.01. Standard errors of atomic coordinates of three bound O 2 , X 1 , We also fitted the data using assumptions of two or four binding sites. Two binding sites, one of which was in the cavity and one of which was around residue 136, gave a reasonable but lower correlation between the observed and back-calculated DR 1 values than that for the model of three binding sites (R ¼ 0.74). In this case, the O 2 -binding site estimated in the cavity was between sites 1 and 2. Because the correlation was smaller than that for the three binding site model, we assumed that the model of multiple O 2 -binding sites in the cavity was suitable. However, four binding sites, three of which were around the cavity and the fourth of which was around residue 136, did not result in significant improvement in the R value (¼ 0.82). , respectively. These results were consistent with the fact that these residues showed severe peak broadening as a function of O 2 concentration.
The three obtained O 2 -binding sites were mapped on the crystal structure of OspA, as shown in Fig. 3 B. Sites 1 and 2 were in or adjacent to the largest cavity of the C-terminal domain, and site 3 was on the surface crevice of the central b-sheet region. The parameters a, b, and c obtained from the fit were 8 Â 10 4 , 8 Â 10 4 , and 13 Â 10 4 (Å 6 /s), respectively ( Table 1 ). The ratio of the parameters a, b, and c showed the relative O 2 occupancy at each O 2 site. The O 2 occupancies in or adjacent to the cavity (sites 1 and 2) and at the surface crevice (site 3) were comparable within experimental error (see Table 1 ). The contributions of each binding site to DR 1 of each amide proton were calculated using Eq. 2 with the obtained parameters, as shown in Fig. 2 C. The contributions to DR 1 from individual binding sites were different at each amide proton. For example, residues 178-188 exhibited significant contributions at site 2 due to their proximity to the bound O 2 . Notably, O 2 -binding site 3 obtained by PRE showed atomic obstruction with the K135 residue. However, it was not surprising that cavities and the molecular surface could be estimated from the crystal structure of the protein. In solution, cavities and the molecular surface may show changes in shape as the thermal fluctuation.
The binding probability of O 2 at sites 1-3 is still unknown. According to the estimate by Teng and Bryant (7), the PRE for a proton in van der Waals contact with a p is the p value, which is the probability of being wrong in concluding that the coefficient is not zero.
O 2 is $6200 s À1 if O 2 is bound at all times. Assuming the van der Waals contact, the binding probability of O 2 at sites 1-3 is estimated to be $0.2% (i.e., $14 s À1 ). However, in reality, the effective distance between O 2 and the protein proton should be longer than the van der Waals contact because of rotational and translational motions of O 2 . Therefore, the binding probability would be larger than the estimate. Indeed, in the case of the L99A mutant of T4 lysozyme, the O 2 -bound state probability of the protein calculated from the dissociation constant of O 2 was $5-10 times greater than the estimated binding probability assuming the van der Waals contact (4). For more quantitative estimation of the binding probability of O 2 , it will be necessary to determine the dynamic aspects of O 2 in the cavity or on the protein surface in a more quantitative manner.
Next, we evaluated the background PRE, which corresponded to parameter d. The parameter d was estimated to be 0.88 s À1 at 8.9 mM of O 2 for OspA (Table 1) . Similar background PREs were also observed for the L99A mutant of T4 lysozyme (e.g., 1.1 s À1 at 6.4 mM O 2 ) (4) and other proteins (5,6). Ulmer et al. (31) reported that on average, smaller PREs were observed for amide protons associated with the protein interior compared with those closer to the surface when no binding site existed. The PRE contribution from O 2 dissolved in the solvent appeared to depend on the local accessibility of O 2 , which was modulated by conformational fluctuations in proteins. For the diffusion model of dipole-dipole electron-nuclear interactions, which is appropriate for small solutes or surface protein protons, the PRE contribution is proportional to the local concentration of O 2 and inversely proportional to the cubic distance of the closest approach between the electron and nuclear spin (7, 31) . When the O 2 concentration and the distance of closest approach are 8.9 mM and 2.72 Å (7, 31) , respectively, the PRE contribution for surface protons is estimated to be $1.6 s À1 . For protons buried in the protein interior, the estimate would be much smaller (e.g., 0.26 s À1 at 5 Å of the closest approach). Although the PRE contribution from O 2 in the solvent depends on the local accessibility and the distance of the closest approach, the background PREs for amide protons of OspA (i.e., 0.88 s À1 ) are reasonably explained by the diffusion model. In contrast, larger PRE contributions than the estimate cannot be explained without a specific binding or an accommodation of O 2 in protein cavities. In this O 2 -binding site analysis, namely, Eqs. 1 and 2, the PRE contribution from O 2 dissolved in the solvent was uniformly taken into account for all amide protons as the background PRE.
MD simulation of O 2 association with OspA
Next, we performed MD simulations of 100 ns five times to investigate the association of O 2 with the hydrophobic cavities and molecular surface (Movies S1, S2, S3, S4, and S5). Ten O 2 molecules, corresponding to 14 mM O 2 , were placed in the system. As a starting structure, three O 2 molecules were inserted in the largest cavity of the C-terminal region. In general, O 2 molecules egressed from the cavity in turn during the simulation. One of the three O 2 molecules in the cavity was immediately egressed from the cavity through the channel near the C terminus. The other two O 2 molecules rotated frequently and moved in the cavity at the subnanosecond timescale (Movie S1). The rotational correlation times of the three O 2 molecules in the cavity estimated by biexponential function were 0.25-0.28 ps for fast components and 1.6-2.2 ps for slow components (Fig. S1 ). These results are qualitatively similar to those for T4 lysozyme L99A (4). One of two O 2 molecules in the cavity egressed from the domain through the cleft of the b-sheet. Unbinding snapshots observed in MD simulations are shown in Fig. 4 A. An average density map of O 2 during the five simulations is represented in Fig. 5 . A more than fourfold higher-than-average O 2 occupancy was observed at the cavities in the N-terminal and C-terminal domains and in the surface crevice at the central b-sheet. Interestingly, the O 2 occupancy in the C-terminal domain and at the surface crevice of the central b-sheet approximately resembled those observed by the NMR study (see Fig. 3 ), indicating that the dynamic aspects of O 2 molecules in the protein described by MD simulation were plausible. Interestingly, O 2 occupancies in the C-terminal domain were observed from the cavity toward the protein surface, indicating that these sites may represent binding and unbinding pathways for O 2 molecules. These pathways were designated channels 1 and 2, as indicated in Fig. 5 . In addition, of all the 500-ns MD simulations, ingress of O 2 into channel 2 was observed once. A series of O 2 -binding snapshots into the channel is shown in Fig. S2 . The O 2 molecule remained located near the channel, but could not enter the cavity space. Note that these channels for O 2 were different from the solvent-accessible cavity observed in the OspA mutant in crystal (32) . The ingress and egress of O 2 into the cavity required pathways greater than the molecular size of O 2 . MD simulation visualized egress of the O 2 molecule from the cavity of the C-terminal domain through the channel near the C terminus (i.e., channel 1) and the cleft of the b-sheet (i.e., channel 2). These channels could be potential gateways of ligand binding to and unbinding from the cavity.
During the MD simulations, access of O 2 molecules to the N-terminal cavities was also significantly observed, as shown in Fig. 5 . A typical binding snapshot of O 2 molecules is shown in Fig. 4 B. Although the O 2 -induced PREs in the N-terminal domain were not significant, the slightly larger DR 1 values at residues 42 and 43 ($1.5 s À1 ) compared with the back-calculated values (Fig. 3 A) may be attributed to weak O 2 association with N-terminal cavities.
According to our considerations above, the O 2 -bound state probability of the protein was $2% or less, even at an O 2 concentration of 8.9 mM, and thus, the binding of O 2 dissolved in the solvent into the cavity must be a rare event. These simulations were initiated from the O 2 -bound state to visualize dynamic aspects of O 2 in the cavity. Therefore, the sampled space could be biased toward the O 2 -bound state. Indeed, PRE effects on each amide proton estimated from the averaged density map of O 2 , based on the 1/r 6 distance-dependent contributions (Fig. S3) , were quantitatively inconsistent with experimental data, although they qualitatively explained the PRE effects on residues 160-205, 235-245, and 265-270. Details are discussed in the Supporting Material (see Consideration of Binding Probability of O2 by MD Simulation). However, this approach by MD simulation is useful for qualitatively characterizing the associations of gas molecules with the hydrophobic cavities and molecular surfaces in proteins.
Origin of O 2 -induced NMR spectral changes
With the increase in O 2 concentration, changes in 15 N chemical shifts were observed for residues V179, V180, and K189, and peak broadening was observed for residues N28, V180, and K189. Because such changes were not observed with N 2 , the paramagnetic properties of O 2 would have induced these spectral changes. Such broadening of the HSQC cross peaks can be explained by enhancement of the transverse relaxation rates. There are two typical paramagnetic shifts: pseudo-contact shifts and contact shifts. If the pseudo-contact shift is significant, O 2 -induced chemical shifts in the 1 H/ 15 N HSQC spectra would occur at a similar degree in the nuclei when measured in ppm. However, the 15 preferred bound orientation with respect to the protein; thus, it appeared as though the pseudo-contact shift would be averaged to zero. In contrast, O 2 molecules in the cavity may have frequent collisions with nuclei. Delocalization of unpaired electron spins in the 15 N atom is permitted owing to the collisions with O 2 , thus causing a contact shift (33) . Accordingly, changes in 15 N chemical shifts upon O 2 binding can be explained by contact shifts. Indeed, V180 and K189, which were predicted to be closest to sites 2 and 1, respectively, showed significant O 2 -induced 15 N chemical shift changes (see Figs. 1 and 2 C) . Similar O 2 -induced changes in chemical shifts were observed for the L99A mutant and wild-type T4 lysozyme. More details are discussed in the previous report (4) . We cannot deny the contribution of structural changes to the chemical shifts that occur upon O 2 binding to the protein. However, such changes seem to be much smaller than the contact shift. Because N 2 and O 2 are similar in terms of mole fraction solubility, van der Waals radius, and polarizability, we speculate that N 2 also associates with the hydrophobic cavities in the protein, but does not induce any changes in chemical shifts and cross-peak intensities.
Exploring ligand-accessible cavities of proteins
OspA has an unusually large hydrophobic cavity ($200 Å or 120 mL/mol), which consists of many hydrophobic residues, including Val, Ile, Leu, and Trp, in the C-terminal domain. By using gas-pressure NMR spectroscopy, we have demonstrated the association of O 2 with this large hydrophobic cavity. The hydrophobicity of internal protein cavities should be essential for preferential binding of O 2 . Intriguingly, binding sites for the TROSPA receptor were occluded in the cavity of OspA; thus, conformational fluctuations in the C-terminal domain and exposure of the receptor-binding sites were required for receptor recognition. Previous H/D exchange NMR (12, 34) and high-pressure NMR (11) studies showed the presence of a locally unfolded conformation of OspA, which was almost fully disordered and hydrated for the entire C-terminal part of the polypeptide chain. We suggested that unfolding of the C-terminal domain and exposure of the receptor-binding sites of the protein may permit long-distance interactions between OspA and the receptor in the tick gut. Additionally, the presence of a void in the C-terminal domain may play a role in producing conformational fluctuations in the protein. Indeed, ligand binding to the cavities can improve the thermal stability of proteins and quench conformational fluctuations. For example, the binding of benzene to the internal cavity of the T4 lysozyme L99A mutant quenched the enzyme's transition into the high-energy conformation and improved its thermal stability by 7.9 kJ/mol (35, 36) . This is probably due to the filling void volume, which may optimize the hydrophobic interactions in the protein. Similar improvements in thermal stability have been observed in other proteins owing to cavity filling (2, 37) . Increasing the stability of the basic folded conformation of proteins by ligand binding or amino acid substitution would relatively destabilize their high-energy conformations. However, this seems to be undesirable for proteins, which use high-energy conformations for their functions.
The full length of OspA was once used as a vaccine against Lyme disease, and the second-generation vaccine was based on its C-terminal fragment. Antigen stability is important for eliciting antibodies that bind to a native conformation of OspA. Improvement in the thermal stability of the C-terminal fragment by amino acid replacement restored the efficacy of the OspA vaccine (38) . In this work, charged residues R139, E160, and K189, which comprised the buried salt bridges in the C-terminal domain, were replaced with hydrophobic residues, namely the mutations R139M, E160Y, and K189M, to improve the stability of the domain. These mutations appeared to remove the unfavorable desolvation penalty of the buried charged groups. Therefore, we speculate that the use of hydrophobic ligands or amino acid replacement to fully fill the cavity in the C-terminal domain of OspA would have the potential to improve the thermal stability of the domain and thus restore the efficacy of the OspA vaccine. Recently, a recombinant OspA containing two different protective epitopes in the C-terminal domain from B. burgdorferi and Borrelia afzelii OspA was designed as a candidate vaccine (13) , and its safety and immunogenicity against Lyme disease in healthy adults were investigated (39) . The approach reported here could be beneficial to improve the atomic packing and thermal stability of the multivalent OspA vaccine. Moreover, exploring hydrophobic cavities and pockets of proteins by O 2 is useful to improve our understanding of protein stability and dynamics as well as ligand binding/unbinding to proteins, thereby enabling us to develop more effective proteins, such as enzymes and recombinant vaccines.
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